A convenient strategy is demonstrated for placing C 60 nanoclusters in hot spots between neighbouring arms of silver nano-dendrites leading to intense surface-enhanced Raman scattering (SERS) enhancement. The finite difference time domain calculations indicate that the dendrite-like model pattern may demonstrate a high quality SERS property owing to the 'metal/nanoclusters/metal' hot geometries. Further calculations provide useful guidelines for the synthesis of hot dendritic geometries and further increasing the enhancement factor of the SERS.
Introduction
Surface-enhanced Raman scattering (SERS) is recognized as one of the most sensitive spectroscopic tools offering highly sensitive chemical and biological detection [1, 2] . The fact that particle plasmon allows direct coupling of light to resonant electron plasmon oscillation has spurred tremendous efforts in the design and fabrication of highly SERS-active substrates in nanostructured films and metallic nanoparticles [3, 4] . The most established substrates are ones sprayed with Ag or Au colloids that yield intense SERS signals at certain local junctions. Junctions between aggregated nanoparticles are believed to be SERS 'hot spots' where large field enhancements down to the single molecule have been observed [5] . This is the result of localized surface plasma resonance coupling between nanoparticles and enhanced electromagnetic (EM) field intensity localized at nanoparticle junctions [6, 7] . The weight of experimental evidence points to the fact that it is these hot spots that are responsible for the major part of the giant enhancements (∼10 14 ) reported by Nie [8] and by Kneipp [5] and later corroborated by the work of Käll [9] and Brus [10] .
On the basis of these considerations, a great deal of the current research effort in SERS focuses on the fabrication 4 Author to whom any correspondence should be addressed.
of complex geometries that produce hot spots where the molecules are appropriately and predictably located for giant Raman enhancement. Complex geometries such as anisotropic metal nanoparticles [11] , nanowire bundles [12] and flower-like structures [13] were reported to have all of the characteristics that make them excellent candidates as SERS substrates. First, plasmon absorption bands can be tuned by adjusting the nanocrystal aspect ratio to be in resonance with common laser radiation sources to optimize the EM enhancement mechanism. Second, complex nanostructures have highly curved, sharp surface features with dimensions of less than 100 nm. This increases the localized EM field up to a hundred fold and it is referred to as the 'lightning rod' effect [14] . Third, complex nanostructures can be designed such that analyte molecules adsorb in the SERS hot spots. This gives rise to large field enhancement. Fourth, symmetry breaking allows for more complex plasmon propagation, potentially leading to more intense EM field generation from the structure and in gaps formed between these materials [15, 16] .
In this connection, we demonstrate a simple strategy for obtaining hot spots of the form 'metal/nanoclusters/metal', which positions many C 60 nanoclusters in the junctions between neighbouring arms of silver nano-dendrites that were fabricated using the approach of self-selective electroless plating [17] .
Materials and methods

Sample preparation
p-type, B-doped silicon (1 0 0) (1-5 cm) wafers were first cleaned by acetone to degrease the Si surface, followed by etching in a diluted aqueous HF (∼10 wt%) solution for 10 min. Subsequently, the cleaned silicon wafers were etched in a 5.0M HF solution containing 0.02M silver nitrate at 60
• C for 20 min. The container is a conventional Teflon-coated stainless steel vessel. After the etching process, the thick silver dendrites covering the silicon wafer were detached before microstructural investigation.
Instrumentation and data acquisition
A field emission scanning electron microscope (SEM) (FEG JSM 6335) and a transmission electron microscope (TEM) (Philips, CM20, at 200 kV) were used to investigate the structures of nano-dendrites. Raman measurements were performed on a Jobin-Yvon T64000 triple Raman system with the 514.5 nm laser line at room temperature. The probe area was ∼10 µm in diameter with a 10× objective lens and the incident power was 5 mW. C 60 was used as a Raman probe. To allow the C 60 nanocluster adsorption, the 20 min etched substrates with silver nano-dendrites were first chemically bonded with a coupling agent by dipping the samples in a 1 wt% toluene solution of (3-aminopropyl) trimethoxysilane at 60
• C for 4 min [18] , then maintained for 24 h in 1 mM C 60 solution and finally were taken out and rinsed thoroughly.
EM field calculations
The local EM fields were calculated using the finite difference time domain (FDTD) approach on a commercial FDTD package (CST MWS 2009), which has recently been demonstrated to be highly useful in the study of the EM properties of metallic nanostructures for almost arbitrary complexity [19] . The typical dendrite was approximated by one stem and six arms equal to the mean values of the samples produced experimentally. The light at 514 nm was assumed to be directed such that its wave vector was parallel to the stem's cylindrical axis. To simulate silver nanodendrites, we implemented a Drude-like dielectric function, with parameters chosen to match experiments for wavelengths in the 350-600 nm range. The SERS enhancement factor (EF) is simplified as the fourth power of the local electric field enhancement: EF = (E loc /E 0 ) 4 . E 0 represents the incident electric field enhancement.
Results and discussion
Figure 1(a) shows the large-scale SEM image of silver nanodendrites. The morphologies of the silver nanostructures are etching-time dependent [18, 20] . The growth of silver nano-dendrites under non-equilibrium conditions can be explained within the self-assembled localized microscopic electrochemical cell model [21] and the framework of a diffusion-limited aggregation process [22, 23] , which involves cluster formation by the adhesion of a particle with random path to a selected seed on contact and allows the particle to diffuse and stick to the growing structure. During the initial stage, a high concentration of the silver salt and reduction agent leads to reduction-nucleation-growth of the silver nanoclusters forming a chain-like network. As the reaction continues, the concentrations of both the silver salt and the reduction agent greatly decrease. The growth of silver nanoclusters is then mainly driven by the decreased surface energy resulting in the formation of the dendritic silver nanostructures. Figure 1(b) is the magnified image of dendritic silver nanostructures, exhibiting stems and arms. The diameters of stems for silver dendritic nanostructures are ∼100 nm.
These silver dendrites are natural large fractal aggregates. Researchers have modelled the optical properties for fractal structures formed from aggregates of silver nanoparticles [15, [24] [25] [26] , distinguishing these from non-fractal structures such as compact or periodic geometries. For clustercluster aggregates of silver nanoparticles, the plasmon normal modes (collective surface plasmons) are so localized that the enhancement resulting from the interaction of all of the particles through dipole-dipole coupling is concentrated in very small regions of the clusters. The model predicts local fields in fractal structures that can be many orders of magnitude higher than the incident fields. In order to give experimental evidence for the hot spots of the form 'metal/nanoclusters/metal', we position many C 60 nanoclusters as Raman probes in the junctions between the neighbouring arms of silver nano-dendrites. Figure 1(c) shows the typical TEM image of C 60 nanoclusters coupled silver nano-dendrite. C 60 nanoclusters with sizes varying from 10 to 50 nm were clearly observed on the surface and between the arms of the dendrite, forming the 'metal/nanoclusters/metal' structure.
Self-arrangement of C 60 in nanoclusters is a result of interaction with environments, which leads to changes in the phonon spectrum. These changes can be investigated by Raman spectroscopy, one of the techniques used on the widest scale. However, measuring very weak Raman signals of thin film samples remains an arduous task. To overcome this difficulty we use SERS, which operates with enhanced Raman signals excited by the surface plasmons, thus permitting the investigation of C 60 nanoclusters. Although previously unresolved for localized plasmons, SERS is supposed to consist of a five-step process (see the inset of figure 1(c) ). Group theory allows 46 vibrations for the C 60 molecule. They are given as follows: 2A g +8H g +A u +4F 1u +5F 2u +6G u + 7H u + 3F 1g + 4F 2g + 6G g . For I h symmetry, only 2 A g and 8 H g vibration modes are Raman active, 4 F 1u modes are infrared active and 22 are hyper Raman active (4F 1u +5F 2u +6G u +7H u ). When C 60 nanoclusters are adsorbed on silver nano-dendrites, the I h symmetry of the C 60 molecule is reduced, resulting in the splitting of the Raman bands from the degenerate modes of C 60 . As a result, the number of the vibration modes is greatly increased in the SERS spectrum ( figure 1(d) ). We also coupled C 60 nanoclusters on the silicon wafer using a 1 mM C 60 solution for comparison. No visible C 60 Raman bands (see the bottom of figure 1(d) ) were observed.
We suggest that such strong enhancement for the dendritic pattern should be attributed to the fact that the nano-dendrites are assembled on the Si substrate with a very high density and with many horns and, therefore, C 60 nanoclusters in abundant hot spots between closely spaced dendrite arms lead to intense SERS enhancement. The FDTD approach has recently been demonstrated to be highly useful in the study of the EM properties of metallic nanostructures for almost arbitrary complexity. In figure 2 , we show the contour plots of the EM near-field distributions for a dendrite-like model pattern with different inter-arm gap dimensions. Anisotropic nano-objects such as nanorods and nanowires have been shown to possess interesting size-and shape-dependent properties, thus motivating interest in the controlled assembly of them into functional architectures for SERS. Nikoobakht and ElSayed discovered that SERS intensities were far higher for molecules on aggregated gold nanorod deposits compared with monomeric nanorods, an observation attributed to an enhanced EM field in the inter-nanorod region [27] . In a comprehensive study that followed, highly ordered and regular silver nanowires with tunable inter-nanowire gap size were fabricated for placing analyte molecules in hot spots between closely spaced nanowires leading to tunable SERS enhancement [12] . The above studies indicate that the precise control of gaps between nanorods or nanowires on a SERSactive substrate is likely to be critical for the fabrication of substrates with uniformly high EFs, and for understanding collective surface plasmons. That is the critical reason why we carried out a theoretical examination of the local EM properties by the FDTD method to assess the EM near-field distributions for a dendrite-like model pattern with different inter-arm gap dimensions.
In the contour plots of the near EM field distributions shown in figure 2 , one can find that numerous hot spots exist near the interstitial areas of the dendrite arms and the higher enhancement is obtained from the smaller inter-arm gap size. The data of the maximum local electric field for dendrite-like model patterns with different inter-arm gap dimensions are provided in table 1. According to the results of figure 2 and table 1, we can achieve the lowest EF value of 2.66 × 10 5 for the dendrite-like model pattern with an inter-arm gap dimension G = 50 nm. For the smaller inter-arm gap size Table 1 . Calculated data of the maximum local electric field for dendrite-like model patterns with different inter-arm gap dimensions (G). of the dendrite, the EF value can be further enhanced, e.g. figure 2 (d) presents a value of 6.27 × 10 7 from the FDTD calculation. Based on the previous FDTD calculations on the high density nanoparticle arrays, the EF for the current result of the sample model is more than three orders of magnitude [13, 28] . It has been predicted that interaction of the particles in the fractal cluster could lead to a redistribution of the plasmon amplitude from a large number of particles into a much larger amplitude localized on a few particles, producing giant local fields in subwavelength [29] . This may be one of the reasons why the dendrite-like patterns can demonstrate a better SERS property from the FDTD calculation. This result has also good correlation with the calculation which shows that the coupling between particles is quite short-ranged [30] .
The locations of hot spots are predicted to be very sensitive to the incident field polarizations, depending critically on EM interactions between silver nanostructures. The nature of plasmon resonances in nanoparticle dimers was recently elaborated using the plasmon hybridization approach [31] . It was found that maximal coupling between the nanoparticles occurs when the electric field of the incident light is aligned parallel to the dimmer axis. As for the dendrite-like patterns, the situation is so complicated that it is not easy to give the optimal pulse polarization and the direction of propagation which could produce maximal coupling. Based on the above considerations, we simply use different polarizations of incident illumination to the arms by changing angles between the stems and the arms of dendrite-like model patterns, shown in figure 3 , to study these systems. The data of the maximum local electric field for dendrite-like model patterns Table 2 . Calculated data of the maximum local electric field for dendrite-like model patterns with different angles (θ) measured between the stem and the arm. with different angles (θ ) measured between the stem and the arm are provided in table 2. According to the results of figure 3 and table 2, we can achieve the highest EF value of 1.69 × 10 8 for the dendrite-like model pattern with an angle θ = 60
• between the stem and the arm. Considerably less coupling occurs when the angles change to bigger or smaller. Such strong enhancement in figure 3(d) can be attributed to the fact that the dendrite-like model pattern is assembled with a favourable configuration when the incident wave vector was parallel to the stem's cylindrical axis.
Conclusions
In summary, we report a simple strategy for placing C 60 nanoclusters in hot spots between the neighbouring arms of silver nano-dendrites leading to intense SERS enhancement. The FDTD calculations indicate that the dendrite-like model pattern may demonstrate a high quality SERS property owing to the high density and abundant hot spot characteristic. Further calculations provide useful guidelines for the synthesis of hot dendritic geometries and further increasing the EF of the SERS.
